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Abs  t  rac t 


AC  and  DC  resonant  charging  hardware  tests  were  c 
ducted  with  a  15KIV  DOD  standard  100  HZ  generator  as  pr 
power.  PC  resonant  charging  caused  vibrations  of  the 
orator  at  the  pulsing  frequency  and  instability  of  the 
voltage  regulator  due  to  the  very  irregular  generator 
waveform.  The  input  DC  voltage  to  the  pulscr  sagged  c 
the  performance  to  be  lower  than  expected.  An  analysi 
this  problem  and  the  theory  to  account  for  this  sag  is 
sent  ed . 

Problems  with  the  triggering  of  AC  resonant  charg 
not  solved  iit  time  for  this  report.  The  experimental 
up  of  AC  resonant  charging  is  presented.  At!  resonant 
caused  no  negative  impact  on  the  generator  which  is  a 
advantage  over  DC  resonant  charging. 
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1  .  1 nt  roauc  t  i  o n 

Backj;  round 

This  project  is  a  study  of  the  inter  face  between  pr  iv.e 
power  systems  and  pulse  cond it i on i ng  systems  for  the  use  in 
electrical  power  generation  for  future  directed  energy  sys- 
t  ems  . 

The  Army  and  the  Air  Force  are  sponsoring  university 
work  for  the  development  of  computer i ted  theoretical  pre¬ 
dictions.  The  results  of  this  thesis  investigation  will  be 
used  to  refine  and  validate  computer  predictions  which  may 
then  he  used  by  Army  and  Air  Force  scientist-  as  design  aid 
for  the  power  supplies  required  in  directed  energy  systems. 

The  pulser  used  for  these  tests  was  constructed  by 
Army's  ERAPCOM  and  contained  separate  sections  for  Ad  and 
I'd  resonant  charging. 

hath  section  contained  the  resonant  circuit,  support 
equipment,  and  controls. 

Prob 1 em 

There  are  several  approaches  to  the  interface  between 
prime  power  generating  equipment  and  pulse  conditioning 
equipment.  This  is  a  study  of  two  design  approaches,  these 
are  Dd  resonant  charging  and  AC  resonant  charging. 

General  areas  to  be  observed  are  the  impact  on  the 
prime  power  equipment  of  the  charging  scheme  used  and  the 
performance  of  the  charging  method  with  this  part  icular 
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and  control  requirements. 
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S  c  ope 

A  laboratory  set  up  was  assembled  a  - is.  ! 
standard  401'llZ  generator  to  tiy  out  eaci.  t :  • 
methods  .  These  set  ups  included  uppropr  i  a  t  e  .  ■  t 
system  was  inst  rumented  so  actual  per  i'o rmnr.ee;  c . 
pared  with  present  theory. 

A  mathematical  analysis  was  done  for  t  he 
charyiny  method  and  the  resulting  equations  -..ere 
two  computer  program.  These  computer  proprams  p r 
the  theoret  ic.a  1  solutions  to  which  ohserveu  per  f  >•« 
was  compared. 

The  AT  resonant  chary  iny  theory  is  discussed 
experimental  set  up  described.  No  data  was  colie 
AT  resonant  chary  iny,  since  problems  with  tin.  tri 
loyie  were  not  soived  in  time  for  this  reper*.  s 


o!'  se  r  va  t  i  on.;  on  \T  resonant  chary  iny  are  included 


II.  DC  Resonant  Chargqn^, 

T heory 

1 n  t  ro  due  t  ion 

Ihe  theory  o  !'  DC  resonant  c  ha  r  g  i  ng  c  i  rtn  i  t  s  has  long 
been  Jove  I  oped  and  circuits  of  this  kind  used  for  many  years. 

The  problem  studied  here  was  the  effect  of  DC  resonant 
charging  on  the  prime  power  equipment  o f  a  possible  power 
supply  for  directed  energy  weapons.  The  prime  power  source 
was  a  three  phase  system  composed  of  a  generator,  a  trans¬ 
former,  and  a  full  wave  bridge  rectifier. 

When  a  generator  has  a  rectified  load  its  voltage 
waveform  is  deformed  by  the  commutation  of  the  current  on 
the  rectifiers.  In  this  case  the  load  is  also  varying  as 
a  series  of  half  sines  and  to  make  matters  worse  the  dis¬ 
charge  pulsing  is  reflected  back  on  the  generator  waveform. 

This  irregular  current  wave  form  causes  additional  heat 
losses  in  the  generator  windings  and  throughout  the  prime 
power  system.  The  generator  also  vibrates  at  the  pulsing 
frequency,  this  is  so  because  the  torque  is  proportional 
to  the  load  current. 

fhe  output  voltage  from  the  prime  power  system  was 
observed  to  drop  proportional  to  the  load  current,  or  sag, 

during  each  charging  cycle.  A  mathematical  approximation  jj 

1 

of  this  characteristic  was  done  and  a  complete  analysis  of 
its  effect  on  the  pulser  performance  was  made. 

il 


This  analysis  is  presented  next,  then  theoretical  result 
obtained  from  two  computer  programs  are  presented.  Tin 
computer  programs  were  developed  using  the  equations  obtained 
from  the  mathematical  analysis. 

Analysis  of  Voltage _S a g g i n g 

The  sagging  on  the  output  voltage  during  one  v  hat  g  ii:g 
cycle  is  determined  by  the  generator  and  transformer  roue  ■ 
tance  and  the  load  current.  ihe  voltage  regulator  does  not 
respond  fast  enough  in  that  time  period  to  make  any  changes 
in  the  shape  of  this  sag.  It  is  not  discussed  here  how  to 
determine  the  magnitude  of  this  voltage  sagging  for  a  given 
system.  However,  the  effect  of  this  sagging  on  the  pulser 
performance  is  studied  in  depth. 

A  DC  resonant  charging  circuit  can  be  represente-  as  in 


figure  1  below. 


In  Figure  1  !,  is  the  cha  rg  in;.',  i set  unco  ,  i-  the 

total  network  capacitance  and  K  is  t  lie  r  of  the  c  iia  r  g  i  ng 
inductor  resistance  and  the  equivalent  load  resistance. 

The  input  voltage  \'  ( t  )  was  represented  tor  tit  i  analy¬ 
sis  as  in  liquation  1. 

V(t)  =  Ebb  (i  '  Klc,,n  (1) 


where  1!^  is  the  peak  input  voltage,  k  is  a  constant,  and 
i.(t)  is  the  charging  current  as  a  function  of  time. 

A  nri  them  at  ical  analysis  for  the'  circuit  of  figure  1 
with  an  input  voltage  as  given  by  iquation  1  is  included  in 
Appendix  A.  This  analysis  resulted  in  the  following  equations 
for  the  charging  current  and  the  capacitor  voltage  respec¬ 
tively. 
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circuit  resonance  frequency 


The  pulser  resonance  repetition  frequency  is  two  times 
the  circuit  resonance  frequency  given  above.  from  now  on, 
every  time  resonance  frequency  is  mentioned  it  is  referring 
to  the  pulser  frequency. 

liquations  (A-5)  and  (.  A  -  6 )  ,  and  other  equations  derived 
in  Appendix  A  were  used  to  develop  two  interactive  fortran 
programs  to  calculate  the  theoretical  results. 

Computer  Programs 

Two  computer  programs  were  developed  as  an  aid  in  pro¬ 
ducing  theoretical  results.  These  were  also  used  to  test 
the  effects  of  changes  in  the  system  parameters.  Appendix 
B  contains  a  copy  of  each  program  and  a  brief  description 
of  how  they  work. 

The  first  program  calculated  the  peak  voltage  in  the 
capacitor,  peak  charging  current,  resonance  frequency,  and 
average  power  tor  increasing  vuhies  of  input  voltage  sag. 

This  was  calculated  for  a  given  circuit  and  voltage  level. 
This  data  was  used  as  input  to  a  plotting  routine  and  plots 
of  the  mentioned  parameters  versus  the  sag  on  the  input 
voltage  were  obtained.  An  example  of  these  plots  is  shown 
in  figure  2. 

for  example,  the  sag  constant  on  the  horizontal  axis  of 
figure  2  is  0.2  for  20*  sagging  on  the  input  voltage,  0.45 
for  45®,  and  so  on. 

These  plots  were  useful  to  indicate  the  difference  in 
performance  for  different  magnitudes  of  voltage  sagging. 
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Figure  2  Plot  of  Average  Input  Power  vs.  Sag  Constant 


The  second  computer  program  used  liquations  (A- 5)  and 
(A-6)  to  generate  a  set  of  values  for  charging  current  and 
capacitor  voltage  versus  time.  The  same  plotting  routine 
was  then  used  to  obtain  the  theoretical  plots;  these  plots 
were  used  to  compare  to  actual  waveforms.  Figure  3  on  next 
page  show's  a  plot  obtained  with  this  second  program.  The 
waveform  shown  in  for  the  ideal  case  where  the  input  voltage 
is  a  constant  DC  voltage. 


Figure  3  blot  of  Capactior  Voltage  vs.  for  ''  Sag 

lffect  of  Voltage  Saggin g 

For  a  constant  input  voltage  the  pu!  scr  won  hi  perlorm 
as  predicted  by  lilasoe  and  Lobacqc  (Ref  1,  Chap  d  i  .  ,  h  is 

case  is  shown  in  figure  3  above.  When  the  input  voltage 
sags  it  is  intuitive  to  sa>  that  the  capacitor  will  charge 
to  a  lower  voltage  and  that  it  will  take  a  longer  tine  to 
do  so  compared  to  the  ideal  case.  In  fact  that  is  what 
happens  in  reality  and  the  mathematical  analysis  reflects 
just  that . 

Figure  1  through  7  show  how  the  maximum  voltage  in  th» 

capacitor,  the  resonance  frequency,  average  power,  and  peak 

charging  current  will  decrease  as  the  magnitude  ol  the  sag 

increases.  These  plots  are  for  a  circuit  with  I.-  J.d  :!, 

Oi.SKuf,  R=17.iw  a  ,  =IOKV,  and  V  -  -0.1  \'  (T  ).  Result  ; 
’oh  o  c  t 

from  Figures  I  through  "  for  t  fie  ideal  case  and  IS'  sag  ;m 


summarised  in  fable  1  on  page  13. 


Table  1  lixample  of  Pulser  Performance  for 
Sag  Constant  of  0.0  and  0.48 
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From  this  example  and  the  theoretical  graphs  it  can  he 
seen  that  the  biggest  impact  oi  the  voltage  sag  is  on  the 
average  power  of  the  system. 

The  energy  stored  in  the  capacitor  network  per  cycle  is 
given  by  liquation  2. 


Es  4  l'V(Trr  -  V1 


liquation  3  below  gives  the  energy  input  from  the  power 
supply  per  cycle. 

IiT  =  V  l  T  15» 

I  av  av  r 

Where  V,  and  I  .  are  the  average  input  voltage  and 

tl  V  ii  \ 

current  respectively  and  1  is  the  repetition  pci'iod. 

The  average  of  the  input  voltage  given  by  equation  1  i: 

V  =  I  ,  .  (  1  -  k  1  )  ('*) 

av  bb  av 

and  the  average  input  current  is  (Ref  l:3b21. 


Cv  •  rr  IVV  -  Vd 


.here  f  is  the  repetition  frequency  or  t  ^  -  y 


The  efficiency  of  IK'  dunging  is  given  hv  the  '.-'.tie  >i 
the  energy  stored  in  the  network  i  si  one  cycle  to  t  he  input 
energy  from  the  power  supply  during  that  cycle. 

Dividing  liquation  1  !'Y  liquation  7> ,  suhst  i  tut  ing  tin 
expression  of  I  given  1  y  hquation  5,  and  s  i  sip  1  i  fy  i  u  s  we 
get  the  following  expression  for  the  efficiency. 


a  v 

Using,  equations  1  through  n  the  efficiency  for  the 
ideal  ease  of  lab  l  e  1  is  P8.(v  and  for  the  other  case  it  is 
SS.  1.  1  here  fore  the  efficiency  is  reduced,  which  is  another 

mules  i  rah  I  e  effect  of  the  voltage  sag. 
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experimental  liqui  pinen  t  and  1  n  s  t  rumcnt  a  t  ion 

Figure  13  below  is  a  block  diagram  of  the  experimental 
sys  t em . 
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Figure  13  Block  Diagram  of  DC  Resonant  Charging  System 

The  prime  mover  was  a  ISO  horsepower  Ceneral  Flcctric 
DC  dynamometer.  The  generator  was  a  DOD  staiularl  lakh, 

400HZ  generator.  A  DC  power  supply  was  used  for  the  gener 
ator  exciter  instead  of  a  voltage  regulator.  The  transformer 
had  a  voltage  step-up  ratio  of  11:1.  The  liquid  cooled,  full- 
wave  bridge  rectifier  assembly  had  a  nominal  current  capacity 
of  3  amperes  per  leg  and  a  peak  reverse  voltage  ot  (.4KV.  I  he 
charging  inductor,  capacitor  network,  tube  switches,  and  the 
load  were  connected  in  the  circuit  shown  in  figure  11. 
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figure  14  1X1  Resonant  Circuit 

llach  of  the  six  stages  shown  had  a  0.  45;.  1'  capacitor 
and  an  11  ohm  load  resistor.  The  charging  inductor  was  .  8 5 
Kenrvs.  Tne  tube  switches  were  1:C  <‘J  hydrogen  thyratrons 
model  11Y-1A  with  a  peak  forward  voltage  of  dOKV  and  a  peak 
current  of  0.5KA. 

The  schematic  diagram  ot  figure  15  shows  the  test  cir¬ 
cuit  with  the  test  points  marked  a  thru  e. 

The  0. 0075a f  capacitor  was  connected  at  the  output  of 
the  full-wave  bridge  rectifier  to  protect  the  diodes  from 
d  a m a  g e  by  a  volt  a g e  spike. 

Two  high  voltage  contactors  were  used  in  the  operation 
of  the  pulser.  The  line  contactor  Kd  controlled  the  pulsing 
by  opening  or  closing  the  IK!  bus  into  the  pulser.  The  "dump" 
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contactor  kl  closed  alter  kd  opened  so  that  .mv  i  e-u  in  in.; 
voltage  on  the  network  was  discharge!  th  ni  a  ' .  ’  k  re-  i  - 1  <  *  1  . 

Note  that  a  diode  was  connected  between  t  lie  c  ha  r  g  i  a  ■ 
inductor  and  the  capacitor  iictuod. .  !  !i  i  s  is  to  prevent  a 
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shown  in  figure  l". 

A  small  inductance  o  f  a  pp  ro  \  i  aia  t  e  1  v  d  h  etie-  with 

the  thy  rat  tons  was  used  to  set  t  lie  voltage  in  the  capac  1 1  ors 
to  an  initial  negative  value. 

Met  a  1  oxide  varistors  ( MOV  I  were  used  t  '  tigress  any 
h  i  it  h  -  vo  1  r  ape  ,  h  i  it  h  -  frequency  transient-  to  vital  component  s 
oh  the  system. 

The  triggering  circuit  lor  the  tubes  consists  of  a 
function  generator  whose  output  is  connected  to  the  t betatron 
driver.  The  frequency  of  pulsing  is  set  by  the  function 
generator.  The  output  of  the  drive)  is  connected  through  a 


matching  transformer  to  a  lid 


resistor  and  an  MOV  oimu-i  ted 


in  parallel.  One  output  terminal  of  the  transformer  secondary 
is  grounded  to  the  chassis  and  from  the  other  terminal  a  coaxial 
cable  connects  to  a  3 Oil.:  resistor  on  the  grid  of  each  tube. 

Ibis  arrangment  proved  to  he  susceptible  to  noise  and  led 
to  false  t  rigger  inr.  of  the  thy  rat  runs. 

1  he  heater  circuit  for  the  hot-cathode  thyratrons  is 
composed  of  a  t  rans  former  and  filament  choke  as  shout*  in  the 
sc  he m a tic. 

\  big  current  transformer  v.as  used  to  monitor  the  loud 
current  and  a  (l.  1  resistor  on  the  Ion  voltage  return  n  i  t  a 
an  ammeter  was  provided  for  average  charging  current  roalin.s. 

Both  the  load  return  and  the  chassis  where  brought  to 
gether  to  one  point  and  grounded  to  the  building  ground. 

Mod  i  f  i  c_a_t  i  on  s_  M_ade_t  o_  the  I'u  1  <e  r 

fleet  ro- magnet  ic  coupling,  or  transients  c  nducteu 
t  iiru  the  elctrical  connections,  score  causin'.'  t  no  tune-  to 
pre-fire  when  the  line  contactor  KJ  was  *  lo-ed.  \  high 
voltage,  high  frequency  voltage  spike  wa  ■  oi'Si-i  ced  in  the 
grid  of  tiie  ta  1  se  -  t  r  i  gge  red  tube. 

l'o  prevent  this  some  s  i  gnu  l  line0  we  re  re  i  -  ’ ;  1 1  «.  .1  a.-.a- 
lro;;'  high  vo  1  t  age  lines  and  duplicate  ground  wet  t  l  i  a 
nectcd  t"  eliminate  any  poss  i  M  e  ground  !  "Op  .  i  ::  i  ••  i\  In-.; 
the  prohle"  but  did  not  eliminate  it.  I  null'  i  Mo\  ’•  v.<  n 

connected,  one  to  each  tube  I  r  ma  grid  to  v  1 1  !.«•  !«•  « s  d  t  be 
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t lie  components  ami  the  proper  rent  ing  ami  shielding  of 
electrical  signal  lines  in  this  type  of  system. 

0]i c ration  of  1’ulser 

With  the  generator  fanning  at  rated  speed  am!  the  li 
contactor  Kd  open,  e.\c  i  t  at  i  on  v.n.  applied  to  bring  the  IX' 
voltage  to  the  des  i  red  level  .  I  hen  t  he  "pulse"  .  md  v. 
given.  1  he  dump  contactor  K1  opened,  the  line  contactor 
kd  closed,  and  the  pti  1  ser  ope  rat  ed  .  \t  tie  e  v  im.and  "-top 
kd  opened  and  t  hen  K 1  c  1  os  -d  t  •>  d  i  crir-a-  t  lie  etu  r.;v  left 
in  the  network.  Pulsing  f reu.u  i.c  v  was  aii  i  ted  with  the 
f unc t i on  genera  tor. 

he n e  ral  Appro ay i i 

The  pulser  was  operated  t  o  •  1  1  ev  ■  lata  .  n  t  :  >  >  ■  • 
read  in,;.-’  and  phot  .’graphs  n  :  .•>  -  c  i  !  i  >y  ■  t  :  a.  <  » . 

When  a  disagreement  between  t  i  :  u  .1  o  \pec  t  it  on 

measured  pertormanee  wa  md.  m  iio.  -.-  t  i  r  it  i.u:  into  the 

cause  was  mule.  In  i  ,»ch  c  i  •  e  e  i  t  ae  t  hard.-,  it-  .  ■  i  t  a  a  c  !  i  on 

were  correct  ed  or  add  i  t  i  on  -  ■  ■  i  t  , , t  >  tit  t  1  •  ■■■  r  < 

were  made. 

The  t  i  r  •  t  part  o  I  t  !,  :  i  -  ;  ■  ;  :  p :  ■  ■  oil-  t  ‘hi  ■  i  >  'd 
IH'  resomin  *  c  ha  r  c.  i  i.g  .  d  j  :  :  - u.  :  •  -.<  i  i  *  -  v  a  .  - 

forms  i  !  o  1  low*  :  :  v  t  i.e  mil.  .  :  t  o  . 1  -,  ■  i  t  a  -  i .  . 

i  :  1  '  in: 


1  he  eq u  i  p-  ■■  -Ti  t  in 


l  a  ■  I  l ' '  l  ’  ;  e  1 1  !  i  ' 
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The  second  part  of  the  report  presents  the  the 
AC  resonant  charging.  The  experimental  set  up  is  d 
and  observations  of  the  operation  of  this  sy-tem  nr 
cussed.  No  data  was  collected  on  the  AC  resonant  - 
since  problems  with  the  triggering  circuit  were  net 
in  time  for  this  report. 
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!  ii;urc  IS  and  Id  are  photographs  ol  the  genera  to r 
voltage  and  current,  and  the  transformer  scconda  r v  volt  a  g  e 
and  current  (see  Figure  15). 
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Vibration  and  Heating 

The  generator  vibrated  at  the  pulsing  I'reqai.  :tc  \  . 

The  torque  pulsations  were  caused  hy  the  load  current 
pulsing.  Also  because  o  1'  the  irregular  generate!  voltage 
and  current  waveforms  the  generator  heated  faster  -nice 
this  caused  increased  losses  on  the  windings. 

Voltage  Regulator 

Figure  do  shows  scope  traces  <  •  i  t  lie  input  vita  > 

(top  trace)  and  the  capacitor  :  t .  ?  w  ■  ■  i  \.  volt  ag.-  ■  -  •.  trace 

The  osc  i  1  1  a  t  i  ens  oa  )  ■'•  p  .  )  •  .  i  r  o  d  ■  \  t  lie 

voltage  reguli  tor.  \s  n  .-i;  t  *  .  tie.  ■  .  ;  1  1  a  t  r  on  s 

damp  to  a  sri.il  1  <_■  r  mar  rr  i  ‘  .  i  '•  r»  '  ;  •  ’  :  .  1  ■  o  ;  t  '  'u- 
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f  igure  20  Scope  Traces  for  the  1'ulser 

(  lest  I  oints  t  ana  !'  respect  ively  on  figure  13) 

opc  i  a  t  i  on  o  t  the  p i j  1  s e  r .  1  lie  reason  tor  this  ma 1 f unc  t  i  o n 

was  not  Investigated  and  a  DC  power  supply  was  connected  in 
place  of  the  voltage  regulator  for  the  ex  per  i  incuts . 

Sag  on  Output  Voltage 

figure  21  is  a  scope  trace  lor  the  output  voltage 
(.top  trace)  and  the  inverted  charging  current  (hottoi::* 
trace).  The  output  voltage  sag  follows  the  shape  of  the 
c  u  r  r c  n  t  v  e r  y  closely. 

The  frequency  of  the  ripple  on  the  output  voltage  is 
2K)0IL.  Because  ol  the  big  charging  inductance  the  voltage 
will  he  equivalent  to  a  Pf  voltage  with  a  sinusoidal  sag 
following  tiie  current  waveshape, 
tor  the  theorcl icai  analysis. 


1  h  i  s  criteria  was  used 


r 

few  pulses  and  then  hotli  voltages  remain  it  i 
level.  This  is  heeause  the  generate  has  n 
and  when  the  generator  is  loaded  tiie  average 
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OM, 

who  re  thi- 

took  place,  the  pulser  was  tested  at  !  R A ! H a l'-t 
worked  properly.  !  he  prime  pouer  irr  !K\a<s  \: 
rectified  high  voltage  power  line  with  a  hank 
to  provide  a  stiff  IK'  voltage. 

Resonance  frequency  was  me  as  tired  ■:  I  I  " 
voltage  in  the  capacitors  was  1  "RV  for  a  !>(  i 
of  SKV.  This  can  lie  taken  as  t.e  control  ?e 
input  was  for  all  matters  an  infinite  IK'  hu  . 

Net  wo  rk  _Y_o  1 1 ajj_e__aml  (dia  rg  i  ng  lairreiU 

1  i on  re  da  shows  the  IH!  bus  voltage,  or  i 
the  chart;  ini’,  current  for  d'dKW  generator  out  pa 
visual  inspection  of  the  scope  traces  o  1  li.pi 
follow  ina  values  were  obtained  for  this  case: 

I.  ,  II.  a  k  \ 

hh 

K  “  ( 1  .  .  t  •• 1 

i 

0  p 


(  *  .  0  \ 


The  resonance  frequency  was  lDo.ollZ  and  P 


f  o  i 


-  ('.add 

this  system.  The  computer  calculated  value  o  |  \  .  i '1  !  was 

14.8KV.  figure  2b  shows  the  L)C  bus  voltage  and  capacitor 
voltage  for  this  case.  The  actual  value  of  the  capacitor 
voltage  was  15.0KV  which  is  very  close  to  the  calculated 
value  the  theoretical  peak  charging  current  was  ~.2  V'i' 
and  the  average  power  was  35.0KW. 

Re  so  nance  Frequency 

file  resonance  frequency  did  not  change  with  power  !■•'.  i  . 
A  universal  bridge  was  used  to  measure  each  of  the  •  i  ■.  c  i, 
citors  and  the  total  capacitance  was  2.58  u  f .  Tin  i  tidin' tanc 
was  measured  by  applying  a  high  voltage  at  H>n  H2  ,md 
measuring  voltage  and  current  to  ontain  impedance.  i'he 
inductance  obta ined  by  this  method  was  2.s5  hen  r ys  and  tin 
resistance  of  the  inductor  was  (» .  5  ohms.  i  lie  so  va  lues  l  or 
t  lie  circuit  components  yield  a  resonance  frequency  of  jl  .  ! 
112  for  no  sag.  This  is  very  close  to  117  112  measured  at 
i  R \nroM. 

1  ah  I e  2  below  summarises  the  actual  and  ealeu!  ited 
v.i  fir-  for  two  cases,  third  case  is  for  no  sag  of  tin  input 
\  >  l  t  .  i  ■  •  •  and  i included  for  contrast. 

liiron-t  nail  values  were  obtained  with  the  first  e.ripiti 
pio.'i  i  .  \nother  case  is  presented  in  Appendix  <'. 
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lhe  oquat  h'li  t  o  i'  XT  resonant  c  ha  i  r  i  n  v  i  t  :  . 

re  ference  i  c  hapt  er  .  J  a.  I  hose  equ  at  i  e.  a  t  •  •*  ;  ■  i  > 

senteJ  here  <  i  nee  they  uoald  not  ivnt  r  ih-at  t  t  ■  t  hi  .  . 
o  1  this  il  1  se  u  s  s  i  on  . 

Halt  cvcle  At'  resonant  charyiny  '«;o  an'.:  n  *  :.• 

1  lie  eireuit  resonance  frequence  lias  to  be  eqi.'  t  *hi 
alternator  frequency,  or 

U  -  ’A 

a 

The  condition  tor  resonance  i  -  (Ret  1:3X3) 

1  la.K "  =  0 

The  volt  ace  stepup  ratio  at  the  tine  of  discharge  is 
for  halt  cycle  charging  (Ref  1:3X81 
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Al  resonant  system  requires  mail}  resonant  circuits  that  need 
to  he  tuned  at  the  alternator  frequency. 

l:\jie  r  i  men  t  aj _ l.guipment  air!  I  ns  t  r;r  eii  t  a  r  i  on 

figure  J  "  is  a  block  diagram  o  f  t  lie  \pe  :  i  meat  a  1  ,-yste 


1'ihu  k  diagram  of  \i'  Resonant 
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The  dynamometer,  generator,  and  DC  power  supply  were  t 
same  used  for  DC  resonant  charging .  Three  transformers 
with  a  voltage  step-up  ratio  of  18.5:1  were  connected  in 
V  - Y  con f  i  gu ra t  i  on  .  Ihese  three  high  leakage  t  rans forme r 
provided  the  total  charging  inductance.  The  AC  resonant 
charging  circuit  is  shown  in  Figure  28. 


figure  2S  AC  Resonant  Circuit 

This  circuit  has  two  0.45  f .  capacitors  per  t  a  r 
one  for  each  half  cycle  of  the  phase  voltage.  'I  in-  dm  1 
were  stacks  with  a  total  PKV  of  -5  0KV  and  a  nominal  v  :t  > 
of  jo  ,\Ml's .  lire  load  for  each  of  the  s  i  st  ages  wi  an 
11  < '  h :::  resistor.  lire  tube  switches  were  ICgC  h>  d  re  \ 
tinratrons  model  I1Y  -  1 A  with  a  peak  forward  \  •  1  !  me  cm'  ’ 
a  n  1  a  pea  I  current  of  0 . 5  K  \  . 
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Also  from  Appendix  A  the  alternator  leakage  twtanct 
was  0  .  0  5 p  pe  r  tin  i  t  ,  o  r 
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The  t  rails  former  voltaic  ratio  was  IS.  5  so  at  t  he  soceuda  r\ 
the  alternator  leakage  inductance  was 
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before  entering  the  logic  triggering  box.  Inside  the  logic 
box  a  zero  crossing  detector  circuit  and  a  timing  circuit 
for  each  phase  generated  the  triggering  signals.  1  he  delay 
of  the  trigger  pulse  was  set  by  adjusting  the  timers. 

Uliett  the  magnitude  oi  the  input  voltage  went  above  that 
shown  in  figure  aU  the  triggering  circuit  generated  ::: u  1  t  iple 
trigger  signals  per  half  eye  1 e  discharging  t he  capacitot  ; 
before  they  reached  maxi  mm  voltage.  This  wa  a  a  ma  1  t'unc  t  i  on 
caused  by  the  electronic  logic  circuit,  this  problem  was  not 
solved  in  time  for  this  study. 

Since  the  logic  box  worked  only  for  very  low  voltage, 
and  therefore  low  power,  no  data  was  collected  on  the  system 
performance.  General  observations  of  this  system  are  pre¬ 
sented  in  the  next  chapter. 


IV  Conclusions  and  Recommendations 


DC  resonant  charging  is  better  known  by  people  in  the 
field  of  pulse  power  and  is  used  more  commonly  than  AC 
resonant  charging.  The  problems  presented  by  DC  resonant 
charging  on  this  study  were  vibration  of  the  generator  at 
the  pulse  repetition  rate,  irregular  voltage  and  current 
waveforms  in  the  generator,  and  lower  performance  of  the 
DC  resonant  circuit  due  to  input  voltage  sag.  On  the  other 
hand,  a  DC  resonant  charging  system  is  rather  simple  to 
construct  and  simple  to  trigger  and  control. 

An  AC  resonant  charging  system  has  more  hardware  than  an 
equivalent  power  DC  resonant  ,-vsten  and  palsiii"  frequency  is 
limited  by  the  generator  frequency.  Also  control  -  and 
triggering  are  far  more  comp  1  i  cat  evl . 

At',  resonant  charging  does  not  cause  a  negat  i  vc  impact  on 
the  generator  and  this  makes  it  very  attractive. 
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APPIiNl)  I  X  A 


Mathematical  Analysis  of  DC  Resonant  Charging 

The  differential  equation  for  the  circuit  of  figure  1 
i  s 

L  +  R  ^9.  +  9  =  V(t)  ( A  - 1 ) 

dt“  dt  L 

where  q  is  the  instantaneous  charge  on  the  network. 

The  input  voltage  to  the  network  V(tJ  was  repre¬ 
sented  as  in  liquation  (1}  repeated  iiere  for  convenience. 

V  ( t )  =  iihh  fi  -  K  i  c  (  t )  )  (1) 

where  i.^(t)  is  the  charging  current  as  a  function  of  time,  K 
is  a  con'tant  and  ii^  is  the  peak  input  voltage. 

figure  A-l  shows  the  plot  of  liquation  (1)  for  two 


charging  cycles. 


The  constant  k  is  defined  l>v  hquat  ion 
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whore  1  is  the  peak  value  of  t  iie  chare  in>.:  cm  rent  . 
cp  "  ' 

:  i  t  :  l  =  i  aiul  i  qua  t  i  on  ill  i  1  t  hen 

o  op 


Vlti  ^  !hb  ^ 1  - K  s  > 

therefore  k  is  the  sagging  constant  and  has  \alues  fro;;, 
zero  to  one.  for  ok  ample,  ii  K  =  P .  1  the  input  voltage 
V  1 1  )  has  a  sagging  of  1  0  ,  if  K  -  ■ ' .  3  t  he  a  gg  i  n  >:  i  s  s 
and  so  on. 

dq 

Substituting  dt  tor  i  (tl  and  combining  1  qua t  i  ons  t 
and  (1)  we  obtain,  after  rearranging  tetris' , 
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now  1 e t 
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then  I. ((nation  I A  al  becomes 


d“q  , ,  dij  ..  _  i 

Jt  "o  “  i 

U  t 


K  { ^ 


I  qua  t  i  on  i  \  It  is  similar  to  that  ob  t  a  .  n  •  d  bv  1 . 1  a  1  ■  m  ■  and 
1  •  ba  •.  j .  I  !<  i  ■  t  i  :  w  S  (>  s  (i  (l  )  the  on  1  y  .1  i  t  :  e  i  eii  c  <  ■  i  -  in  1  h  > 
b  -  I  i  n  i  t  i  ■  .n  of  t  it*-  oust  ant  h  .  i  iie  elution  ha  I  q  u  a  ’  i  on 
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,ii  . 


s  i  n  w  t 


V  (t)  =  1'..  .  -  ( 1- ,  .-Vic  ^  (cos  wt  +  —  sin  wt 

c  nil  lib  o  w 


o  -lit 
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wc 


1  n  w  t 


where 

V  -  Initial  capacitor  voltage 

1  -  Initial  i  :uluc  tor  cur  rent 

o 

>  •» 

V\  U  "  b"  -  resonance  freuuencv 

o 


liquations  (A3)  and  lA-(')  are  the  expression:-  for  t  ho  charging 

current  and  capacitor  voltage  respectively. 

bva  hinting  l.quation  \  n  at  t  -  T  =  we  find  iiic 
1  r  w 

expression  for  the  voltage  in  the  capacitor  at  the  time  of 
disc  h  a r g e . 


The  maximum  value  of  I  qn.it  ion  (A  3  l  is  found  bv  dilter 

initiating  the  expressions  and  setting  it  equal  to  aero.  fhe 

initial  current  I  is  assumed  equal  to  zero.  This  is  correct 
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because  at 
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Compute  r  Prop,  rams 

Figure  B-l  shows  the  first  of  tlie  two  computer  programs 
developed  to  obtain  theoretical  solutions.  Shis  program 
calculated  the  resonance  frequency ,  peak  capacitor  voltage, 
peak  charging  current,  average  current,  average  vulture,  and 
average  power  for  increasing  values  of  input  voltage  sag. 

The  program  required  as  input  the  value  of  the  cncuit 
components,  the  peak  input  voltage  and  n f  =  - V^,  V  .  : V ;  ’  )  . 

The  output  was  the  data  displayed  in  figure  l  t  h  rough 
i n  Chapt  er  II. 

Figure  B-  2  shows  the  second  fortran  program.  Tit  is 
program  calculated  the  ratio  of  charging  current  to  average 
charging  current  and  capacitor  voltage  to  peak  input  voltage 
versus  time. 

The  program  required  as  input  the  value  of  the  circuit 
components,  peak  input  voltage,  P  (  =  -Y^ /V  '  T(, )  )  ,  constant 
K|=KS/I,p),  and  repetition  frequency. 

The  constant  K  was  found  by  running  the  other  program 
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program  (see  arrow)  is  changed  to  V  =  -  IMl,  ,  V  tin.  program 
1  •  o  bn  cs 

cun  be  run  for  repit  ion  frequencies  higher  than  resonance. 


igure  B-2b  Fortran  Program  for  Charging  Current  ami 
Capacitor  Voltage  Waveforms  (Sheet  2  of 


B '  (i  0 


1'h  i  s  program  runs  for  more  than  one  cycle  hy  storing, 
the  final  value  of  the  current  as  the  initial  value  for 
the  next  cycle  and  resetting  the  voltage  in  the  capacitor 
to  a  negative  value  proportional  to  the  voltage  at  the 
t  i me  of  disc  ha  rge . 

The  output  of  this  program  was  the  data  displayed  in 
figure  8  through  12  in  Chapter  II. 
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